In the present paper, incoming shortwave radiation flux, net shortwave radiation flux, net longwave radiation flux, and net radiation flux have been estimated at 1-km spatial scale for the ice sheet in East Dronning Maud Land, Antarctica. Terra-MODIS (Moderate Resolution Imaging Spectroradiometer) products (i.e., land and atmospheric data products) have been used to estimate net radiation flux during few clear sky days of the years 2007, 2008, 2009, and 2010. Estimated surface energy fluxes using MODIS products have been evaluated using in situ recorded values of energy fluxes. In situ data of the surface energy fluxes and meteorological parameters have been collected using automatic weather stations (AWS) on ice sheet at two locations near the Indian Research Station BMaitri.^Net radiation flux has been estimated for the study area from net shortwave radiation flux and net longwave radiation flux maps. Bias, correlation, and root mean square error (RMSE) between AWS-recorded and MODISderived radiation fluxes have been observed as − 23 W m 
Introduction
Energy balance of the cryospheric regions influences the temperature and climate of the globe. Study of the surface energy balance in the cryospheric region includes the study of the snow-meteorological parameters and the energy exchange between snow/ice surface and atmosphere. Many studies have been conducted to study the surface energy balance of the cryospheric regions of Antarctica (e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ), Arctic (e.g., [14] [15] [16] ), and glaciers of different mountain ranges (e.g., [17] [18] [19] [20] [21] [22] ) all over the globe using in situ recorded snowmeteorological observations. Radiative energy fluxes are vital components of the energy balance study and small variations in these components change the energy budget of a system. However, these energy fluxes are recorded at sparse locations using in situ measurements in cryospheric regions. Surface energy fluxes estimated from sparse in situ observations may therefore not characterize spatial variation of energy fluxes over a large snow/ice-covered region. To overcome this problem, remote sensing data can be effectively used in conjunction with ground observations via suitably interpolation or modeling techniques to map energy fluxes at spatial level. Remote sensing techniques also have been used to estimate radiative (e.g., [23] [24] [25] [26] [27] [28] [29] [30] [31] ) energy fluxes spatially in a variety of land covers. However, very few studies [32] [33] [34] have been reported in snow/ice-covered regions where remote sensing techniques can be very helpful as these are regarded as inaccessible and sparsely observed regions. In the present study, incoming shortwave radiation flux, net shortwave radiation flux, and net radiation flux have been estimated at 1-km spatial scale for East Antarctic ice sheet around the Indian Research Station BMaitri^using MODIS sensor images and MODIS data products. The MODIS data products and derived energy fluxes have been evaluated with in situ observed radiation fluxes from AWS data. Spatial and temporal variations of energy fluxes have also been analyzed in the study area.
Study Area
The Antarctic ice sheet consists of three distinct morphological zones-East Antarctica, West Antarctica, and the Antarctic Peninsula [35] . The Antarctic ice sheet varies in thickness across the continent from its periphery to high Antarctic plateau towards South Pole and depth is greatest in East Antarctica. Although Antarctica is known for its vast ice sheet, there are many local topographic and morphologic features on the surface, such as ice-free areas, also known as oases. Approximately 2% area of the Antarctic continent is in oases [36] . Indian research station BMaitri^is located in BSchirmacher Oasis^in the coastal margin of the Dronning Maud Land, East Antarctica, at 70°45.94′ S and 11°44.13′ E [8] . The study area considered in the present work extends from 70.2°S to 72°S and 8.6°E to 14°E around Indian Research Station BMaitri^ (Fig. 1) . The study area comprises ice shelves of Princess Astrid Coast, ice-free area of Schirmacher Oasis, continental ice sheet, and Wohlthat Mountains from north to south. Schirmacher Oasis (70°44′-70°46′ S, 11°24′-11°54′ E) is about 16 km long in an eastwest direction with a maximum width of about 3 km. The oasis is about 70 km south from the Princess Astrid Coast in East Dronning Maud Land, Antarctica. It is a small morainecovered rocky area having low lying hills. More than 80% area of the oasis is covered with snow during winter period, which melts off during summer months [8] . Ice shelf in the north of the Shirmacher Oasis spreads~70 km up to the Antarctic sea. Continental ice sheet exists in the south and thickness of the ice sheet increases as one move towards south. Wohlthat Mountains are about 70 km south of the Shirmacher Oasis. In the study area considered, the elevation ranges from 22 m near Antarctic sea to 3003 m on high Antarctic plateau. Most part of the study area is flat ice sheet having slope less than 5°. A small terrain with slope angle between 20°and 30°also exists in Schirmacher Oasis and Wohlthat mountains.
The annual mean of temperature, precipitation, and wind at BMaitri^in Schirmacher Oasis were observed around − 9.6°C, 18 cm, and 15.4 m s , respectively. The study area observed high katabatic winds round the year. These winds are the results of cold dense air rolling down the continental slope from the high Antarctic plateau [37, 38] . Severe blizzards in the study area are produced when these winds interact with the warmer air from the ocean [36] .
Data
Snow-meteorological data recorded from AWS, Digital Elevation Model (DEM), Terra-MODIS sensor data, and Terra-MODIS satellite products form the dataset for the present study. Snow-meteorological data was collected using two automatic weather stations (AWS) in the study area for the years 2007, 2008, 2009 , and 2010. The AWSs have been installed on the ice sheet at a distance of 1 km and 8 km from BMaitri^research station towards south, respectively. Both the AWS record air temperature, relative humidity, wind speed, wind direction, incoming solar radiation, reflected solar radiation, atmospheric pressure, and surface temperature and are equipped with calibrated sensors. The detail specifications of the sensors are given in Gusain et al. [8] .
Shuttle Radar Topographic Mission (SRTM) DEM at spatial resolution of 90 m has been used in the study. SRTM DEM is freely available and can be downloaded from the Internet (http://srtm.csi.cgiar.org/). SRTM DEM has an error of approximately 16 m in elevation. DEM has been used to generate slope, aspect, and elevation maps of the study area. These maps have been used as input for the estimation of solar zenith angle and incoming shortwave radiation flux.
Terra-MODIS sensor images were downloaded from http://ladsweb.nascom.nasa.gov. Images of clear sky days have been acquired. Terra and Aqua have a sunsynchronous, near polar, circular orbit. Aqua crosses the equator daily at 0800 UTC and Terra crosses the equator daily at 0530 UTC. Salient specifications of MODIS sensor are given in detail by Salomonson et al. [39] . It has 36 bands in the wavelength range 0.4-14.4 μm. The senor has spatial resolution of 250 m in band 1-2, 500 m in band 3-7, and 1000 m in band 8-36. The radiometric resolution of the sensor is 12-bit. These images along with MODIS data products have been used for estimation of surface temperature, net shortwave radiation flux, net longwave radiation flux, and net radiation flux. Dates of acquisition of MODIS images of Antarctica for the present study are given in Table 1 . Mostly cloud-free images (images with less than 15% cloud cover in the study area) of MODIS have been considered for the study.
MODIS have 44 products categorized into five sections: (a) calibration, (b) atmosphere, (c) land, (d) cryosphere, and (e) ocean. In the present paper, atmospheric and land data products have been used. These products can be downloaded from https://modis.gsfc.nasa.gov/data/dataprod/ and a brief about these products are given as follows:
MODIS Air and Dew Point Temperature Data Product
For the present study, air and dew point temperature profile data have been retrieved from MOD07_L2 (MOD07 Level-2), MODIS atmospheric profile data product. The temporal resolution of data is 1 day with spatial resolution of 5 × 5 km, at 20 vertical atmospheric pressure levels. These products were generated using statistical regression between collected radiances values and atmospheric profiles data in the International TOVS Processing Package [40] . Air temperature and dew point temperature were retrieved at 1000 hPa vertical pressure level, as the Indian Research Station BMaitri^is close to sea level. It is assumed that the temperatures remain homogenous for entire 5 × 5 km of grid.
16-Day MODIS Albedo Product
Schaaf et al. [41] has described 16-day MODIS albedo product and Stroeve et al. [42] has validated this product over the Greenland ice sheet. MODIS 16-day albedo product has been categorized into MOD43B3 (Terra) and MCD43B3 (combined Terra and Aqua) albedo products. It consist of both Bblack-sky albedo^(directional hemispherical reflectance) and Bwhite-sky albedo^(bihemispherical reflectance) [42] . In this paper, Terra-MODIS 16-day albedo product MOD43B3 has been used. It consists of seven spectral bands (band 1-7) and three broad bands (0.3-0.7 μm, 0.7-3.0 μm, and 0.3-5.0 μm). To compute shortwave albedo from narrowband albedos, a linear combination of 7 MODIS spectral bands were carried out. The coefficients were obtained from Liang et al. [43] to estimate snow/ice albedo.
Methodology

Estimation of Net Shortwave Radiation Flux
Net shortwave radiation flux has been estimated using incoming shortwave radiation flux (SWF↓) and albedo (α) maps. Incoming shortwave radiation flux has been estimated using Zillman [44] parameterization scheme [25, 45] , given as ), θ is solar zenith angle, and e a is vapor pressure. Vapor pressure (e a ) [46] has been estimated using Clausius-Clapeyron equation [25] as
where L v is the latent heat of vaporization (2.5 × 10 6 J kg
), R v is the gas constant for water vapor (461 J kg
), and T 0 = 273 K. For mountainous topography, solar zenith angle θ is replaced with angle of incidence i and given as [47] .
where φ is the slope angle, a is the elevation angle of the sun, α a is azimuth angle of the sun, and α s is the aspect of the surface. Air temperature and dew point temperature maps for the study area have been generated using Terra-MODIS-L2 product and retrieved at 1000 hPa. Incoming shortwave radiation flux maps have been generated using Eqs. (1) and (2) . Albedo of the snow/ice surface and incoming shortwave radiation flux have been used to estimate net shortwave radiation flux. Albedo of the study area has been estimated using MODIS 16-day albedo data product (MOD43B3) [48] . Net shortwave radiation flux (SWF net ) has been estimated using
Estimation of Net Longwave Radiation Flux and Net Radiation Flux
Incoming longwave radiation flux (LW↓) has been estimated using model proposed by Prata [49] and is given as ), and T a is air temperature in kelvin retrieved from MODIS Level-2 product. є m is estimated as ð6Þ where w p is precipitable water content
where w p is precipitable water content and e a is vapor pressure (Pa). Outgoing longwave radiation flux (LW↑) has been estimated using Stephan Boltzmann equation and is given as ð8Þ where σ is the Stephan Boltzmann constant, T s is the surface temperature in kelvin, and є s is the surface emissivity. Surface temperature maps for the study area have been generated using thermal bands of MODIS data by the method proposed in Gusain et al. [50] and given as follows:
where T 31 and T 32 are brightness temperature of the MODIS thermal bands 31 and 32, respectively. Brightness temperature for the thermal bands 31 and 32 of MODIS has been estimated by the method proposed by Wan [51] and Qin and Karnieli [52] . Surface emissivity of the snow/ice surface has been assumed unity [2, 53] . Net longwave radiation flux (LW net ) has been estimated as
and net radiation flux (R net ) for clear sky days has been estimated as
Using above methodology, surface energy fluxes have been estimated at 1-km spatial scale in Antarctica. MODIS satellite products have been used to generate the spatial maps and validated with in situ recorded AWS data.
Results and Discussion
Incoming shortwave radiation flux, net shortwave radiation flux, net longwave radiation flux, and net radiation flux have been estimated at 1-km spatial scale for the study area in Antarctica. Air and dew point temperature maps have been generated using MOD07_L2 data products at 1000 hPa level. Figure 2 shows the comparison of MODIS Level-2 product derived air temperature and AWS-recorded in situ air temperature during different clear sky days of the years 2007 to 2010.
Bias, correlation coefficient, and root mean square error (RMSE) in MODIS air temperature products and in situ recorded air temperature have been observed as 0.6 K, 0.71 K, and 4.4 K, respectively. MODIS air temperature product has shown better results for the present study area compared with other studies reported earlier, e.g., Bisht et al. [25] for Southern Great Plains covering parts of Oklahoma and Kansas in USA, and they reported RMSE to be 5.01 K.
Air temperature maps were used to estimate incoming shortwave radiation flux maps in the study area. MODISderived incoming shortwave radiation flux maps were evaluated using in situ recorded incoming shortwave radiation flux from an upward-looking pyranometer of make Kipp & Zonen and mounted on AWS. Incoming shortwave radiation flux has been estimated using Eq. (1) and flux map at 0900 UTC on 21 February 2010 is shown in Fig. 3 . Incoming shortwave radiation flux varies from 42 to 1130 W m −2 with mean values of 372 ± 57 W m −2 in the study region. Large spatial variation has been observed in mountainous region of the study area as compared to flat ice sheet, as shown in Fig. 3 . This may be due to large variation in incidence angle of solar radiation on mountain slopes. Incoming shortwave radiation flux has also been estimated for other clear sky days, as mentioned in Table 1 . Net longwave radiation flux has been estimated using air temperature and surface temperature maps of the study area using Eq. (10). Surface temperature map has been generated using thermal bands data of MODIS sensor images and detailed methodology is given in Gusain et al. [50] . , and correlation coefficient of 0.93 have been observed between satellite-estimated and in situ observed net radiation flux. RMSE obtained is about 29% of the mean values of net radiation flux. RMSE obtained in estimation of net shortwave radiation and net longwave radiation fluxes contribute to higher value of RMSE in estimation of net radiation flux.
In Antarctica, November, December, January, and February are the summer months and melting of ice sheet has been observed during these months. Temporal variation in the surface energy fluxes of the ice sheet has also been analyzed during few days of the summer months 2010. Table 2 
Conclusion
Most of the studies on surface energy fluxes of snow/ice surfaces in the past are limited to point observations using AWS or micro-meteorological towers. However, these studies do not account for the spatial variability in energy fluxes over a large study area. In this paper, incoming shortwave radiation flux, net shortwave radiation flux, net longwave radiation flux, and net radiation flux have been estimated at 1-km spatial scale in Antarctica using MODIS sensor images and MODIS products. MODIS products and derived energy fluxes have been evaluated using in situ recorded energy fluxes at AWS locations. MODIS Level-2 product of air temperature has shown good correlation with in situ air temperature data with an RMSE of 4.4 K and correlation coefficient of 0.71.
Terra-MODIS 16-day albedo product MOD43B3 has also shown a good correlation with in situ recorded albedo values. Correlation coefficient of 0.86 and RMSE of 0.09 have been obtained between MODIS-derived albedo and AWS-recorded albedo. Incoming shortwave radiation flux has been estimated with an accuracy of~14% of the mean values. The accuracy is comparable to that reported by Wang and Pinker [34] and Niu et al. [33] for snow/ice surfaces.
Net shortwave radiation flux has been estimated with RMSE of~19% which is comparable to the errors reported by Gusain et al. about 14-27% of the mean values in Western Himalaya. Net longwave radiation and net radiation fluxes have been estimated up to RMSE of~22% and~29% of the mean values, respectively. As there is no data from any other source on spatial estimation of net longwave radiation flux and net radiation flux using remote sensing data for snow/ice-covered region, the results of this study cannot be compared. RMSE obtained in estimation of net shortwave radiation and net longwave radiation fluxes contribute to higher value of RMSE obtained in estimation of net radiation flux.
MODIS air temperature and albedo data products proved to be valuable and evaluation with in situ recorded data has shown high correlation coefficient. MODIS-derived geospatial maps of radiative energy fluxes may be useful in many studies related to snow/ice, hydrology, climatology, ecology, etc. in Antarctica, particularly in the absence of in situ recorded data.
